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Reported by LESLIE W. TELLER 
Chief, Structural Research Section, 
and ERNEST G. WILES 

Highway Physical Research Engineer 





In connection with a program of research 
sponsored by the Advisory Board on the 
Investigation of Suspension Bridges, infor- 
mation regarding the self-damping charac- 
teristics of steel structural members was 
needed. The literature contained little or 
no data on the subject. At the request of 
the Advisory Board, the Bureau of Public 
Roads conducted a series of tests which de- 
veloped a considerable amount of useful 
data on the self-damping characteristics of 
both solid and trussed structural members 
together with data which show the possibili- 
ties of dry or Coulomb friction as a means 
for energy absorption within a framed 
structure. The details of the entire study 
are described in this report. 


OLLOWING the catastrophic failure 
of the suspension bridge across the 
Tacoma Narrows in the State of Washing- 
ton, shortly after it was opened in 1940, 
there was organized, under the sponsorship 
of the Bureau of Public Roads, a technical 
body of broad representation known as the 
Advisory Board on the Investigation of Sus- 
pension Bridges. The objectives, organiza- 
tion, and membership of this body are well 
known and need not be repeated here. 
At the request of the Advisory Board, as 
& part of its extensive investigational pro- 
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Figure 1.—General view of 
truss with simulated 
deck in place. 





Tests of Structural Damping 


BY THE PHYSICAL RESEARCH BRANCH 


gram, the studies of structural damping 
described in this report were made in the 
research laboratories of the Bureau of Pub- 
lic Roads. A condensed account of these 
studies has been published previously." The 
present report is intended to describe the 
experimental work more fully than was pos- 
sible in the A.S.C.E. paper and, further, to 
present certain additional data obtained as 
the program was concluded. 

Since the failure of the Tacoma Narrows 
Bridge was caused by vibrations set up by 
wind act'on, the investigational work of the 
Advisory Board has included extensive tests 
of both full models and sectional models 
under the controlled conditions of a wind 
tunnel. Necessarily these models are dimen- 
sioned to a greatly reduced scale and it is 
not possible, as a practical matter, to re- 
produce in the model all of the structural 
details of the prototype. For this reason, 
in the fabrication of full models—that is, 
models of entire structures—it has been the 
practice to simulate the stiffness of the 
stiffening girders or stiffening trusses of 
the prototype by means of solid steel mem- 
bers and to simulate their shapes by other 
means in order that the aerodynamic action 
of the model would be similar to that of the 
prototype. 





1Structural damping in suspension bridges, by 
Friedrich ‘Bleich and L. W. Teller. Transactions, 
American Society of Civil Engineers, vol. 117 (1952), 


p. 165 (also printed as a separate, Paper No. 2486). 
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It is desirable that the energy which a 
suspension bridge receives from the wind be 
dissipated to the maximum extent possible 
by friction and by other means so that 
the energy remaining will not be able to 
cause excessive vibrations in the bridge. 
Frict on within the structure offers one im- 
portant means for absorbing energy re- 
ceived from without. 


The Basic Question 


Since movement at the joints of stiffening 
trusses may be an important source of fric- 
tion, a question naturally arose as _ to 
whether or not, in the case of a full model, 
the substitution of a solid member for a 
trussed member might lead to significant 
differences in energy absorption and thus 
affect the validity of certain data obtained 
in the wind tunnel tests. The investiga- 
tional work described in this report was 
undertaken initially to find an answer to 
this question. In addition the tests pro- 
vided basic data useful in a theoretical ap- 
proach to the problem of structural damping 
in suspension bridges’. The results ob- 
tained in the early work led to some expan- 
sion of the initial program in order that 
other useful information on_ structural 
damping might be obtained while the ex- 
perimental facilities were available. 

In general, damping is the dissipation of 
energy that a vibrating structure receives 





from external exciting forces, in the course 
of which part of the external energy is 
transformed into molecular energy and part 
is dissipated to surrounding objects or the 
atmosphere. The structural damping dis- 
cussed in this report is the result of one or 
more of the following: imperfect elasticity 
of the material, friction due to small relative 
displacements in the joints of the structure, 
and friction at sliding expansion joints of 
a simulated floor system, at sliding end 
bearings, or at the sliding surfaces of me- 
chanical brakes. 

The program of damping tests was orig- 
inally recommended by the Committee on 
Model Studies of the Advisory Board and 
was approved by the Executive Committee 
of the Board at a meeting held in New York 
on October 8, 1943. The results obtained 
were placed before the Board in a series 
of four progress reports dated March 1945, 
April 1946, May 1948, and July 1949, re- 
spectively. The data contained in these re- 
ports were released in condensed form in 
the A.S.C.E. paper previously referred to.’ 

To carry out the program, three test 
specimens were obtained through the co- 
operation of the American Institute of Steel 
Construction and the Inland Steel Company. 
These were a bolted truss, a rolled H-section, 
and a solid bar of rectangular cross section. 
The material of which the truss was made 
was a low alloy steel of relatively high 
strength, while that in the H-section and the 
rectangular bar was carbon steel with 
0.20-0.25 percent carbon. The specimens 
were supported at the ends in a horizontal 
position on either a 36-foot, 10-inch, or a 
28-foot, 4-inch span length, as will be de- 
scribed in detail later. 


Scope of Investigation and 
Summary of Indications 


The expanded program of the investiga- 
tion authorized by the Advisory Board con- 
sisted of four principal parts, plus a num- 
ber of subordinate collateral investigations. 
Some supplemental studies were also made 
to develop additional information. The na- 
ture of the investigations and summarized 
findings are described in the following para- 
graphs. 


Principal studies 


1. A comparison was made of the self- 
damping characteristics of a trussed struc- 
tural member with that of solid structural 
members in equal stiffness, when vibrated 
in the first symmetric mode. 

The character of the amplitude decay for 
the two solid sections tested was definitely 
exponential while that for the bolted truss 
was more complex, being apparently the 
result of a combination of the imperfect 
elasticity of the material with plastic yield- 
ing and friction due to small displacements 
in the joints. In these tests there was, of 
course, end bearing. friction and air fric- 
tion, but the former was present as a con- 


2See reference, footnote 1; p. 203: 
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stant and the latter was believed to be rela- 
tively unimportant. 

In comparisons between the solid mem- 
bers and the bolted truss, the truss showed 
considerably more capacity for self-damp- 
ing, particularly at the higher amplitudes 
(or higher dynamic stresses). With the 
joints tightly bolted the decrement values 
ranged from about 0.006 at 1,000 p.s.i. to 
about 0.030 at 10,000 p.s.i. dynamic stress 
in comparison with a range of 0.003 to 
0.007 for the H-section at the same limits of 
dynamic stress. 

The decrement values for all three speci- 
mens increased with an increase in ampli- 
tude (or dynamic stress), the rate of in- 
crease being greatest with the truss and 
least with the H-section. 

For small amplitudes and small dynamic 
stresses the decrement values were of the 
general order of 0.004 for all specimens. 
The decrement values for the solid members 
did not exceed 0.007 in any of the tests. 
For the truss, however, values as high as 
0.073 were found at high initial amplitudes 
(and high dynamic stresses) in combination 
with low bolt tension in the bolted connec- 
tions. 

2. In the case of the bolted truss, a 
determination was made of the effect on 
damping of bolt type, bolt tension, and the 
procedure used in arriving at a given level 
of bolt tension. 

The tightness of the bolted connections 
had a pronounced effect on the damping of 
the truss, particularly at the larger ampli- 
tudes (or dynamic stresses). The tighter 
the bolts, the lower were the decrement 
values. 

The damping action of the joints in the 
truss when tightly bolted apparently was 
influenced more by the pressure of the sur- 
faces held in contact by the bolts than it 
was by the fit of the bolts in the holes. 

Tests with the bolted truss to study the 
effect of bolt tightening sequence on damp- 
ing showed a measurable effect, it being 
least with the bolts tightened to the greatest 
degree of tension. The care taken in the 
bolt tightening procedure in all tests with 
the truss seems fully justified. 

3. A study of the effects of a variation 
in dead load on the self-damping character- 
istics of the bolted truss showed that varia- 
tion in the dead load of the order of 50 
percent caused no measurable change in 
the damping characteristics of the truss. 

4. A study was made of the effect of dry 
or Coulomb friction, externally applied, on 
the damping characteristics of the bolted 
truss. The Coulomb friction was developed 
in three different ways—by mechanical 
brakes, by sliding bearings at the ends of 
panels of a simulated floor system, and by 
sliding end bearings. 

The external application of dry or 
Coulomb friction greatly increased the 
damping of the bolted truss. 

Where mechanical brakes that employed 
metal plates rubbing together without lubri- 
cation were used to develop frictional 
forces. for damping purposes, more. depend- 


able action was obtained with opposing’ sur- 
faces of bronze and steel than with two 
ferrous metals in contact. 

The damping obtained from the rubbing 
of steel on bronze without lubrication fol- 
lows the laws of Coulomb friction—that is, 
it varies directly with the total normal 
pressure on the friction surfaces, is inde- 
pendent of their area, and is nearly in- 
dependent of velocity. The effective co- 
efficient for the condition of this test was 
about 0.13-0.14. 

The increase in the damping of the bolted 
truss obtained by the application of the 
simulated deck sections was quite similar in 
character to that obtained with mechanical 
brakes in operation at the ends of the truss. 

The application of the simulated deck to 
the bolted truss and the frictional forces 
developed at the sliding shoes of the deck 
sections added slightly but measurably to 
the stiffness of the truss during its dynamic 
oscillation. The effect was somewhat greater 
at small amplitudes than at large ampli- 
tudes of motion. 

The substitution of sliding end bearings 
of bronze on cold rolled steel for the wheel 
bearings used at one end of the truss de- 
veloped a strong damping force. 


Collateral studies 


The collateral investigations authorized 
by the Advisory Board were necessary to 
develop control data for the main investiga- 
tion and for other purposes. Among the 
more important were: 

(a) Determination of the ultimate 
strength and character of failure of a chord 
splice in tension and of a chord section in 
compression, as used. in the bolted truss. 

(b) Establishment of relations between 
load, deflection, and critical strain in each 
of the three specimens. 

(c) Determination of the maximum 
tightening torque for the bolt-nut combina- 
tions used in the truss. 

(d) Segregation of air damping effect 
when the truss was equipped with a simu- 
lated floor system. 

The application of the plywood plates to 
the truss, in lieu of the steel deck panels of 
equal frontal area, increased the damping 
to a degree that could be measured, al- 
though the effect of the added air resistance 
on damping was relatively small. 

(e) Determination of the coefficient of 
friction for the sliding bearings used. 

(f) Determination of the chemical com- 
position and physical properties of the steel 
in each of the three specimens. 


Supplemental studies 


After the work authorized by the Ad- 
visory Board had been completed, some sup- 
plemental studies were made which devel- 
oped additional information of interest and 
value. 

A. The damping characteristics of the 
truss with riveted connections were com- 
pared to its performance with bolted con- 
nections. 
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12 IN. CENTER TO CENTER 
(a) BOLTED TRUSS 





Figure 2.—Cross-section dimensions of the three specimens tested. 


Tests with the truss with all chord con- 
nections riveted showed considerably less 
evidence of movement at the connections 
than did the tests with the bolted truss, 
particularly at higher amplitudes and 
higher dynamic stresses. Much greater 
damping was evident at all amplitudes than 
was found for the comparable solid member 
(H-section). 

B. From comparison of logarithmic 
decrement values determined from strain 
decay data with those obtained from deflec- 
tion decay data, it is indicated that, with 
suitable instrumentation, damping can be 
satisfactorily determined from continuous 
records of strain decay in tests of this type. 

C. Measurements of rotation and transla- 
tion at the ends of the H-section were found 
to be in good agreement with theory. 

D. In comparisons of the theoretical and 
observed performance of the bolted truss it 
was found that a somewhat better cor- 
relation was obtained when a correction for 
the initial sag of the trussed member be- 
tween end supports was introduced into the 
computations.* 


The Test Specimens 


While a search of the literature disclosed 
a certain amount of data on the damping 
characteristics of complete structures, par- 
ticularly bridges of various span lengths, 
and data from a number of studies of the 
self-damping properties of steels of various 
types by means of laboratory tests on small 
specimens, there seemed to be no informa- 
tion on the self-damping characteristics of 


—_— 


*See footnote 1, p. 203. 
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34 IN 
(c) SOLID RECTANGULAR BAR 
Table 1.—Comparison of physical characteristics of specimens 
36’-10” span length 28’-4” span length 
Truss! H-section Truss (shortened) | Rectangular bar 
Planned | Tested |Planned| Tested | Planned} Tested | Planned| Tested 
Moment of inertia: 
From cross section............. me... 19.1 20.3 19.1 16.9 19.1 20.3 19.1 19.0 
From load deflection........... Re id stile il ce iD en BUTE thiccianya 18.9 
Weight per foot: 
Specimen proper... . 2260.00.00 ib... 6.72 7.26 27 .50 24.00 6.72 7.59 48.70 | 48.26 
Attached dead-load weights...... Ib..| 20.78 21.13 0.16 41.98 41.96 0 0.36 
Total dead weight.............. lb..| 27.50 28.39 27 .50 24.16 48.70 49.55 48.70 | 48.62 
Maximum deflection from dead 
i ec iers dia a acsraie care aes in. .| 2.06 22.05 2.06 2.05 1.28 31.24 1.28 1.27 
DHAMUPEL DORIO «oo oo ok 6,000.6 ew cere sec. | 0.41 0.39 0.41 0.41 0.32 0.31 0.32 0.32 


























1 The following comparable values were obtained for the truss with all chord connections riveted: Moment of inertia 
from load deflection, 20.6 in.4; maximum deflection from dead weight, 1.90 in.; natural period, 0.39 sec. 


? Permanent set of 1.97 in. developed during testing with machine screws. 
3 Permanent set of 0.66 in. developed during testing with machine screws. 


Total deflection at end of test 4.02 in. 
Total deflection at end of test 1.90 in. 


Table 2.—Physical properties of the steel in each specimen 





| 





Source and number of specimens pre 
Pat 
oe once anak a drale se alee bed 73,700 
RD Fo 5 cay 4 gis inhai gros aiid welt areca ae 61,800 
MN antares are. nlas Lk ao whle awlale hale ona 57, 











Yield " 
strength —- Reduction — Rockwell 
Ort oltest) elasticity in-area | (2 inches) hardness 
P.8.i P.8.i. Percent Percent 
55 ,600 30 ,664 ,000 65 g B 83 
38 ,800 30,377 ,000 64 40 B 68 
25 ,000 30 ,590 ,000 19 18 B61 























1 The material in the bar does not meet the tensile strength requirements of A.S.T.M. Designation A7—49T, speci- 


fication for steel for bridges and buildings. 


This should have no significance insofar as the data obtained in these tests 


are concerned since the maximum stresses in the bar as tested were approximately 11,000 p.s.i. 


structural members made of steel. For this 
reason the investigation is believed to be 
unique. The test methods and instrumenta- 
tion used in the tests were unusual in a 
number of respects and may be of general 
interest to the profession, so they are de- 
scribed fully in this report. 


As mentioned previously, the specimens 
furnished for the test program were a 
bolted truss, a rolled H-section, and a solid 
rectangular bar, all with cross-sectional 
dimensions as shown in figure 2. These 
were originally designed to provide sections 
of equa] stiffness—that is, equal moments 











Figure 3.—Rocker bearing (above) and wheel bearing (below) used to support the 
specimens. The H-section is shown here. 


of inertia. As furnished, however, there 
was some departure from the planned 
dimensions and a corresponding variation 
was found in the moment of inertia. The 
moment of inertia of the truss was slightly 
greater while that of the H-section was 
somewhat smaller than the moment of 
inertia of the rectangular bar. 

The truss and the H-section were com- 
pared on a span length of 36 feet, 10 inches, 
and the truss (shortened) and the rectangu- 
lar bar were compared on a span length 
of 28 feet, 4 inches. 

In these comparisons, it was originally 
planned that the specimens being compared 
would be of equal weight and stiffness so as 
to have equal periods of vibration and equal 
dead-load deflections. For various reasons 
there were some deviations in the weights, 
dimensions, and stiffness of the test speci- 
mens as furnished, as may be noted in data 
which follow. There is no evidence, how- 
ever, that the deviations mentioned were 
of sufficient magnitude to affect adversely 
the comparisons which have been made. 


Since the weight of the truss as furnished 
was of the order of 250 pounds in contrast 
to 900 pounds for the H-section and 1,400 
pounds for the bar, it was necessary to add 
a considerable amount of weight to the truss 
for the comparative tests. This weight was 
in the form of rectangular steel bars at- 
tached transversely at the lower panel 
points. These attached panel-point weights 
will be referred to as dead-load weights. 

Certain pertinent information as to the 
weight, stiffness, and other physical charac- 
teristics of each specimen are given in 
table 1. Certain data on the physical prop- 
erties of the material in each specimen are 
given in table 2. 


Test Procedure 


The general method of test was quite 
simple. The specimen was supported as 
a simple beam at the span lengths men- 
tioned. It was excited to a given degree of 
oscillation in the first symmetric mode in 
the vertical plane. Having developed the 
desired amplitude, the oscillations were al- 





lowed to die out naturally through damp- 
ing caused by internal friction, end bearing 
friction, and air friction. Since end bear- 
ing friction may be assumed to be constant 
for specimens of equal weight and since 
air friction could, at best, exert only a very 
small damping force under the conditions 
of these tests, it was felt that any important 
differences found in the data obtained with 
the various specimens would be caused by 
inherent differences in the damping forces 
within the specimens. 

In a part of the program the damping 
effect from the friction sources listed above 
was augmented by controlled dry friction 
applied to the truss. 

The rate of energy dissipation or damp- 
ing can be determined from the way in 
which the oscillations of the specimen die 
out or decay, and can be measured by means 
of a quantity known as the logarithmic 
decrement of damping. This quantity may 
be defined as the natural logarithm of the 
ratio of the amplitudes of any two succes- 
sive oscillations. If the rate of amplitude 
decay is exponential in character the 
logarithmic decrement will have a constant 
value; if not, the value of the decrement 
will be a variable. For convenience, in 
these tests, single amplitudes—that is, 
movements to one side of the mean posi- 
tion—have been used for decrement determi- 
nations. The method of analysis will be 
described later. 

To support the specimen, substantial con- 
crete pedestals were built. To the top of 
each pedestal a steel plate was attached 
after being carefully leveled. At one end 
of the span, rocker bearings were fastened 
to the plate to permit rotational movement 
of the specimen in the vertical plane, but 
to restrain it from any translatory motion. 
At the opposite end of the span the plate 
was used to provide a plane surface on 
which ball-bearing wheels attached to the 
specimen could roll. Details of these end 
bearings may be seen in figure 3. 


Control of Oscillations 


The means used to develop controlled 
oscillations in the specimens will be under- 
stood by referring to figure 4. Along the 
specimens, at intervals equal to the panel 
length of the truss, weights were suspended 
in such a manner that all could be released 
simultaneously. These weights were cylin- 
drical in form, made of cast iron, and 
weighed 19.5, 34.5, or 51.75 pounds each, 
depending upon the test condition for which 
used. To distinguish them from dead-load 
weights that were attached to the speci- 
mens for various purposes, these suspended 
weights will be referred to as live-load 
weights in this report. 

The live-load weights were supported by 
steel hooks extending downward from the 
specimen. Each hook terminated in a short 
horizontal knife edge. On this knife edge 
rested a weight support consisting of a 
pivoted trigger held in place by a latch 
which could be tripped by a solenoid, the 
entire mechanism being mounted on the sus- 
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pended weight. By connecting the solenoids 
in series all of the weights could be re- 
leased simultaneously by closing one switch. 

In order to determine whether or not the 
pivoted trigger interfered in any way with 
the free fall of the suspended weight, tests 
were made in which the free fall was com- 
pared to that of an identical weight sup- 
ported on a wire and released by melting 
the wire. Space-time traces of the two 
falling weights were found to be identical. 

In most of the tests on the 36-foot, 10- 
inch span length 26 live-load weights were 
used, while on the 28-foot, 4-inch span 
length the number was 20. 

A wooden bench and pads of celotex were 
provided to catch the released weights as 
the tests were made (fig. 4). 

With this means of excitation it was pos- 
sible to duplicate any desired test condi- 
tion as many times as the program required. 


Measurement of amplitude 


In the majority of the tests the amplitude 
of the oscillation was recorded at midspan 
by means of a sharply pointed steel stylus, 
attached to the specimen in a position such 
that it could be brought into light contact 
with a smoked paper wrapped around a 
slowly revolving drum. By means of a 
solenoid under automatic control, the stylus 


traced on the smoked paper complete cycles 
of the vertical motion of the oscillating 
specimen. Usually these records were made 
for the initial oscillation and those that oc- 
curred during the first second of each 10- 
second interval thereafter. 

During the intervening 9 seconds the 
stylus was retracted from contact with the 
paper in order to reduce to a minimum the 
damping from stylus friction. That this 
was accomplished to a satisfactory degree 
was indicated by tests which showed that 
the H-section vibrated perceptibly for about 
13 minutes after the release of the live-load 
weights with no stylus contacts and for 
about 12 minutes with stylus contacts at 
10-second intervals, as described above. 

A time trace with 1-second intervals was 
also placed on the record by another stylus 
controlled by a calibrated pendulum. 

The details of this deflection-recording 
equipment are shown in figure 5, and figure 
6 is a photograph of a record (in negative 
form) as taken from the drum and laid flat. 
The drum frequently made more than one 
complete revolution during the course of a 
test, as it did in the case of the test record 
shown in figure 6. The traces of greatest 
amplitudes, recorded at 10-second intervals, 
were those made during the first revolution 
of the drum. Those with the next smaller 


amplitudes were made during the second 
revolution of the drum, and so on. The 
l-second time-interval trace appears at the 
top. 

In some of the later tests, where the 
damping rate was high and the intermit- 
tent recording could not be used effectively, 
a different. method was used. In this a 
magnetic-reluctance pickup unit was em- 
ployed with a galvanometer type oscillo- 
graph for recording. A 2,000-cycle carrier 
current was used in the system. Because 
of its limited displacement range the pickup 
unit was located near the rocker-bearing 
end of the truss, and the proportionality of 
vert:cal movement at this point with that at 
midspan was established by a comparison 
of simultaneous recordings. With this sys- 
tem there was no physical contact between 
the recording system and the moving speci- 
men. 


Strain gages used 


Strain gages were placed on each speci- 
men at midspan to provide data on the 
maximum stresses developed for the various 
conditions of test. These were of the elec- 
trical resistance type, known commercially 
as SR-4 gages, cemented to the specimen 
and used in conjunction with a static strain 
indicator or an oscillograph. One of the 





Figure 4.—Details of the weight-release mechanism. 
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Figure 5.—The deflection-recording equipment: the solenoid-actuated styus at the left 
records vertical motion on the drum, while the stylus at the right records time 
traces. The bar specimen, with strain gage installed, appears below. 


The relations between strain and load 
and between deflection and load were 
utilized for a number of purposes during 
the course of the investigation. 


gages on the surface of the rectangular bar 
may be seen in figure 5 and typical strain 
data obtained on the H-section are shown 
in figure 7. 
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Figure 6.—Deflection record taken from the drum and laid flat. 


The oscillations persist during 


Some attempt was made in the early tests 
to determine decrement values from the rate 
of strain decay as recorded by an oscillo- 
graph. It was concluded that the method 
was feasible, but that the direct recording 
of deflection was perhaps a more reliable 
means since no electrical amplification was 
involved. However, in the supplemental in- 
vestigation, with better instrumentation 
available, this question was studied more 
thoroughly with results that will be dis- 
cussed later in the report. 

The cover illustration shows the shortened 
truss as set up on the 28-foot, 4-inch span 
length for comparisons with the solid 
rectangular bar. The deflection measuring 
equipment, ball-bearing wheels at _ the 
(near) end frame of the truss, dead-load 
weights at the panel points, and the sus- 
pended live-load weights are to be seen in 
this photograph. 


Chord Joints Tested 


The trussed member was made up of 
angles, 1l-inch by 1-inch by 0.065-inch in 
section, cold formed from a low alloy steel. 
Except for the lateral bracing in the plane 
of the upper chords, the joints of the truss 
as originally fabricated were drawn up with 
No. 10-24 commercial machine screws used 
as bolts. These passed through clearance 
holes in the gusset plates and truss mem- 
bers and were fitted with washers and 
hexagonal nuts of commercial grade. This 
was the type of joint fastening used in the 
initial tests. 

A number of tests with a torque-indicat- 
ing wrench showed that this screw-nut com- 
bination would withstand a_ tightening 
torque of 40 inch-pounds or more before 
failure occurred. On the basis of this in- 
formation it was decided to test the trussed 
member (or truss, as it will be called) at 
three degrees of bolt tension, measured by 
tightening torques of 35, 25, and 15 inch- 
pounds, respectively. 

The net section of a No. 10-24 machine 
screw is approximately one-half that of a 
solid rivet of the same overall diameter. 
This fact raised a question as to the 
strength of the chord splices in tension and 
it was decided to test such a splice to 
failure before beginning the program of 
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several revolutions of the drum. 
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: Figure 7.—Typical measured strain data on vertical faces of the H-section at midspan under various uniformly distributed loads. 
ce 
n- load tests with the truss. The Inland Steel with the H-section on the 36-foot, 10-inch crease tends to be according to some ex- 
id Company had on hand a few pieces of the span, the excitation being from the release ponential function. If, on the other hand, 
‘is angle from which the truss was fabricated of either the 19.5-pound or the 34.5-pound it is caused by external dry friction, the 
he and made these available. There was more live-load weights. Similarly the shortened rate of decrease would tend to be linear. In 

than enough material for the one chord truss was compared with the rectangular these tests energy loss from both types of 
it- splice specimen desired for the tension test bar on the 28-foot, 4-inch span, the excita- friction was present in varying degree, de- 
m- so as a matter of interest 34-inch specimens, tion in this case being from the release of pending upon the particular conditions of 
ng representing a section of the upper chord’ the 19.5-pound, 34.5-pound, or 51.75-pound test, as will be seen in data that will be 
re between panel points, were made up and __live-load weights. Pertinent data on loads, presented. 
in- tested as columns in compression. Figure deflections, and static-load stresses obtained 
ed 8 shows the chord splice as set up in the in these tests are given in table 4. 
at testing machine for the tension test and From the data in this table it will be Amplitude decay curve 
by figure 9 shows the set-up for the compression noted that under the various test conditions If a continuous record is made of the 
ch- test. Restraint from bending at the ends_ the initial double amplitudes at midspan vertical movements of a point on the vibrat- 
' of the compression specimen and restraint varied from about 0.7 inch to about 4.1 ing specimen and is related to a uniform 
ine from deflecting laterally in one plane at the inches and that the maximum stress in the horizontal time scale, and if a boundary or 
Pa midpoint were provided to simulate the con- extreme fiber at midspan ranged from envelope curve is drawn through the ex- 
er. ditions under which the member would func- about 6,350 p.s.i. to about 23,450 p.s.i. treme tips of the individual amplitude 
the tion. The bolts in the connections of both As may be deduced from the record of traces, a smooth curve will result. The 
and the tension and compression test specimens oscillation decay shown in figure 6, the shape of this envelope or amplitude decay 
to were tightened with a torque of 35 inch- amplitude values decrease progressively with curve is indicative of the type of friction 
of pounds. From these tests the data con- 



































tained in table 3 were obtained. 

The tests of the chord sections in both 
tension and compression were considered 
important because of the rather high unit 
stresses expected in the chords under the 












time as part of the energy is lost with each 
successive oscillation. If the energy loss is 
caused largely by viscous friction within 
the metal, as in the case of the H-section 
and the rectangular bar, the rate of de- 














that is causing the amplitudes to decrease, 
and from it values of the logarithmic decre- 
ment may be obtained. It will tend to be an 
exponential curve if viscous friction is the 
dominant cause of damping or tend toward 
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eavier loadings _(approximately 24,000 Table 3.—Tests of chord splices 
p.s.i.). On the basis of the results of these , 
tests, as shown by the data in table 3, it Fastenings | 
was concluded that the truss would not be ee ea Load at, | Stress in a ; 
a failure. | 2neles at ype of failure 
overstressed under any of the scheduled — Torque | failure 
loadings. . | applied 
\ ————___—___— —$<—— — —— ees Sewer = —— a 
[faa ° PP | | Int Lt | P.s.i ee ee 
ii Damping Characteristics of Truss and nae Ra sat Wes: _—_ 
Solid Members Bolted splice....... No. 10—24 machirie 35 | 11,100 | 55,800 | Bolts failed in shear... 
screws } 
ee . Bolted splice. ...... | NAS screws 15 15 ,220 76,600 | Angles failed at bolt holes. 
The truss bolted up with the No. 10-24 Riveted splice...... Rivets. .... neg 3,540 | 68,100 | Rupture in splice plates. 
machine screws tightened to a value of .35 Compression test ?....| No. 10-24 machine | 35 10,700 | 43,300 | Buckling of angles at midlength. 
: : gg = screws ; ; 
Inch-pounds with a torque indicating | | 
rum. wrench, as shown in figure 10, was compared 1 Net section of chord angles, 0.199.sq. in. * Full section_of two chord angles, 0.247 sq. in.. ated 
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(LEFT) Figure 8.—Tension test on chord splice of bolted truss. 


(ABOVE) Figure 9.—Compression test on section of upper chord of bolted truss. 


Table 4.—Loads, initial amplitudes, and static load stresses 






























































Added weights Dead load Live load Total load geen a Stress in extreme fiber at midspan 
Computed stresses 
Span 
Member length . oe 
Number Weight Planned | Tested | Planned| Tested | Planned| Tested | Planned| Tested | Planned T from 
of each } I from catidit 
measured “ete ny 
section tion data 
Lb. Lb. Lb. Lb. Lb. Lb. Lb. In. In. P.38.i. P.s.i. P.s.i. 
ss 3 ee 1,012.9 {1,045.8 0 0 1,012.9 |1.045.8 0 0 13,117 | 12.829 | 12,581 
Weighted truss (machine screws) | 36’—10” |{ 26 19.5 |1.012.9 |1,045.8 507 .O 507.4 |1,519.9 |1,553.2 2.06 1.836 | 19.682 | 19.053 | 18.685 
| | 26 34.5 (1,012.9 |1,045.8 897.0 897.8 |1,909.9 |1,943.6 3.65 3.266 | 24,733 | 23,842 | 23,381 
} if oe 1,012.9 |1,040.9 0 0 1,012.9 |1,040.9 0 0 13.117 | 12,829 | 12,642 
Riveted truss (for comparison). .| 36’-10” i} 26 19.5 (1,012.9 |1,040.9 507 .0 507.4 {1,519.9 |1,548 3 2.06 1.833 | 19,682 | 19,053 | 18,776 
P ( 26 34.5 (1,012.9 |1,040.9 897 .0 897.8 {1,909.9 |1,938.7 3.65 3.267 | 24,733 | 23,842 | 23,495 
| Ses 1,012.9 890.0 0 0 1,012.9 890.0 0 0 8,954 8,982 9,428 
err 36’-10” | 26 19.5 /|1,012.9 890.0 507 .0 507 .4 |1.519.9 {1,397.4 2.06 2.308 | 13,436 | 14,103 | 14,804 
| | 26 34.5 iI ,012.9 890.0 | 897.0 897.8 |1,909.9 {1,787.8 3.65 4.082 | 16,884 | 18,042 | 18,939 
Noto igs HIBS 1403.8 390 0 390 4 117608 14043 0 72 0 656 17.631 16,930 17013 
: = : *_4” ‘ ‘ P - z P : » ye ; ,631 ‘ 7,01 
Weighted truss (machine screws) | 28’-4 ) 20 34.5 /|1,379.8 |1,403.8 | 690.0 690.6 {2,069.8 |2,094.4 1.28 1.149 | 20,619 | 19,762 | 19,859 
( 20 51.75 |1,379.8 |1,403.8 |1,035.0 |1,035.4 |2,414.8 |2,439.2 1.92 1.738 | 24,056 | 23,016 | 23,129 
— "i9'5 [1'379'8 1377.6 390 0 390 4 1769.8 1768.0 0 72 0 731 F876 7986 +968 
04s ‘ oe : : : ; ‘ ‘ ; ‘ ; ; ; 7,926 .966 
Rectangular bar.............. 28-4 ) 20} 34.5 /|1,379.8 |1.377.6 | 690.0 690.6 |2,069.8 {2,068.2 1.28 1.277 9.211 9,272 9,318 
20 51.75 |1,379.8 |1,377.6 |1,035.0 |1,035.4 {2,414.8 |2,413.0 1.92 1.905 | 10,746 | 10.817 | 10,871 





Tested 


Measured 
strains X 
30,000,000 





P.a4. 

11 ,868 
17 ,505 
22 ,623 


12,750 
18,930 
23 670 

9 ,360 
14.664 
18,729 





13 ,489 
17 ,247 
20 ,097 
23 , 462 


6,345 
8,124 
9,480 
11,073 
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Figure 10.—Use of torque indicating wrench 
for setting bolt tension. 





a straight line if 
dominant cause. 

If the equation for the amplitude decay 
curve can be determined, the logarithmic 
decrement value at any oscillation or time 
value may be obtained directly from the 
equation. This method was used for deter- 
mining logarithmic decrement values in all 
of the tests with the solid sections. An ex- 
ample of the method of analysis is illus- 
trated in figure 11 where amplitude values 
resulting from experimental measurement 
are shown as plotted points along an ex- 
ponential curve, the equation for which 
was derived from the experimental data. 
Attention is called particularly to the way 
in which the observed points lie along the 
line of the curve, representing the equation 
derived to fit the observed values. Below 
in the same figure is another curve showing 
the variation in logarithmic decrement 
values as the oscillations damp out, decreas- 
ing from an initial value of about 0.0071 to 
a final essentially constant value of about 
0.0031. The decrement values that estab- 
lished this curve were computed from the 
equation. 


dry friction is the 














In those cases where the damping results 
from some complex combination of influences 
it frequently becomes impractical to find an 
equation that fits the experimentally deter- 
mined amplitude decay curve. This was 
found to be the case in a number of tests 
with the bolted truss. For these data 
logarithmic decrement values were calcu- 
lated from the ratio of two successive ampli- 
tudes at each of a series of points along the 
amplitude decay curve. 


Logarithmic Decrement Relations 


The measurement of both strain and de- 
flection at midspan made it possible to relate 
extreme fiber stress to midspan deflection 
for each specimen and from this to relate 
the instantaneous logarithmic decrement 
values to maximum fiber stress developed 
during the particular oscillation to which 
the values applied. Graphs showing the 
variation of logarithmic decrement with 
dynamic stress were particularly useful for 
the comparisons desired in this investigation 
and much of the data will be presented in 
that form. 
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NUMBER OF OSCILLATIONS 


Figure 11.—Analysis of amplitude decay curve: H-section with 34.5-pound weights. 


Figure 12 shows the relation between 
logarithmic decrement and stress for the 
truss and the H-section under identical con- 
ditions of test on the 36-foot, 10-inch span 


as found in the initial tests. In these par- 
ticular tests the truss was bolted up with 
the No. 10-24 machine screws drawn up 
with a 35 inch-pound torque. The initial 
amplitudes cause the highest stresses and 
appear toward the right-hand side of the 
graph. When excited with the 34.5-pound 
live-load weights the truss showed an initial 
decrement value of 0.0511 as compared with 
a value of 0.0071 for the H-section. As the 
amplitudes decreased the dynamic strains 
decreased and the decrement values de- 
creased also to values of the general order 
of 0.0048 for the truss and 0.0031 for the 
solid section of the H-beam. 

Data from a similar comparison between 
the shortened truss and the rectangular bar 
when tested under identical conditions on 
the 28-foot, 4-inch span are shown in figure 


13. Three different live-load weight values 
were used to excite the specimens in these 
tests. Even with the 51.75-pound weights 
the maximum dynamic stress in the bar was 
only about 4,700 p.s.i. At this stress level 
the decrement value for the truss was ap- 
proximately twice that of the solid section 
of the rectangular bar. In this comparison, 
as in that between the truss and H-section, 
the maximum damping of the truss was 
found at the beginning of the oscillations 
where the amplitude of motion and the 
stresses were greatest. It is under these 
conditions that the likelihood of motion in 
the joints of the truss with the accompany- 
ing development of dry or Coulomb fric- 
tion is greatest. It is to be noted that at 
low dynamic stress values the logarithmic 
decrement values are relatively low in al! 
cases. 

Each point on these and subsequent 
figures of the same type represents an 
average of 5 to 7 tests and may be consid- 


ered quite well established since the varia- 
tion for a given set of test conditions usually 
was quite small. 

In these initial tests, with the joints in 
the truss fastened with the No. 10-24 ma- 
chine screws, a study was made of the damp- 
ing of the truss as influenced by the degree 
of tension in the bolts with which the joints 
were drawn up. In this study the truss was 
tested on both the 36-foot, 10-inch span 
and the 28-foot, 4-inch span and in both 
cases the oscillations were caused by the 
release of the 34.5-pound live-load weights. 
Three degrees of bolt tension, determined 
by tightening torque values of 15, 25, and 
35 inch-pounds, respectively, were used and 
each of the 1,700 bolts in the truss was ad- 
justed to the value required by the par- 
ticular test. The relation between loga- 
rithmic decrement and dynamic stress for 
each of the several test conditions is shown 
in figure 14. From these data it is appar- 
ent that the more tightly the joints are 
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Figure 12.—Variation of logarithmic decrement with stress: Bolted truss and H-section, 36-foot, 10-inch span. 
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Figure 13.—Variation of logarithmic decrement with stress: Bolted truss and rectangular bar. 28-foot, 4-inch span. 


drawn up, the less the damping, particularly 
at the higher stresses. 

Examination of some of the joints near 
the middle of the truss showed plainly 
that there had been relative motion between 
the bolted members and that in some cases 
the threads along the body of the bolts 
had been deformed considerably by it. This 
raised the question as to what might be the 
damping characteristics of the trussed mem- 
ber if the bolts more nearly filled the holes. 


Truss Fastenings Studied 


The Advisory Board authorized further 
tests with bolts that had a solid or un- 
threaded body where the bolt passed through 
the angles and gusset plates and that fitted 
closely in the hole through these members. 
After some investigation it was found that 
certain screws available in the aircraft in- 
dustry had suitable characteristics. These 
were of high strength steel, manufactured 
to close tolerances, with well formed threads 
in the fine series (32 threads per inch). 
Also, they were obtainable with solid or un- 
threaded bodies of various lengths. They 
are known as NAS (National Aircraft 
Standard) screws and will be referred to as 
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such in this report. The average diameter 
of those obtained for these tests was found 
to be 0.186 inch. A special reamer was 
made with a diameter of 0.187 inch and 
all holes in splices and other connections 
of the truss were reamed to this size. 

The nuts selected for use with these high 
strength NAS screws were a commercial 
product known as the “Elastic Stop Nut.” 
Each nut contains an integral fiber washer 
which tends to prevent the nut from work- 
ing loose. Tests with a torque-indicating 
wrench showed that, as used in these tests, 
the torque required to turn these nuts on 
the NAS screws was of the order of 1 to 2 
inch-pounds. 

Tightening of the NAS screw and Elas- 
tic Stop Nut combination showed that 
failure occurred by yielding of the bolt body 
in tension at a tightening torque of about 
90 inch-pounds, as compared with about 45 
inch-pounds for the commercial machine 
screws used in the original assembly of 
the truss. In other words, these fasteners 
were about twice as strong as the screw-nut 
combination used in the initial tests with 
the truss. 

For the tests of the truss with the NAS 


screw fastenings, tightening torque values 
of 15, 25, and 45 inch-pounds were selected. 
The first two gave direct comparisons with 
data obtained when the No. 10-24 machine 
screws were used, while the 45-inch-pound 
value was chosen because tests showed that 
it corresponded to a direct tensile stress of 
about 60,000 p.s.i. in the bolt body. This 
seemed to be a reasonable upper limit for 
working stress in structural bolting. 

A chord splice made up with the NAS 
screws tightened with a torque of 15 inch- 
pounds was tested in tension. As shown 
in table 3, it failed at a load of 15,220 
pounds by rupture of the metal in the 
angles, the screws being undamaged. In 
a comparative test with the No. 10-24 ma- 
chine screws the splice failed at 12,240 
pounds by shear in the bolts. The computed 
stress in the chord angles, based on net sec- 
tion, was about 76,600 p.s.i. in the test with 
the NAS screws and about 61,500 p.s.i. in 
that with the commercial machine screws. 
The appearance of the failed chord section 
tested with the NAS screws is shown in 
figure 15. 

After all the holes had been reamed and 
the NAS screws had been installed, tests 
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were made with the truss on the 36-foot, 
10-inch span with the 34.5-pound live-load 
weights, using tightening torques of 15, 25, 
and 45 inch-pounds, respectively. 


The data obtained in these tests are 
shown in figure 16 and are comparable 
with those obtained with the truss when 
fastened with the machine screws as shown 
in figure 14. It will be observed that with 
the highest bolt tension, represented by a 
tightening torque of 35 inch-pounds for the 
machine screws and 45 inch-pounds for the 
NAS screws, the relations between loga- 
rithmic decrement and dynamic stress are 
essentially the same. 





From this comparison it would appear 
that insofar as the self-damping charac- 
teristics of the truss are concerned the 
tightness with which the connections are 
bolted up is of more importance than is the 
fit of the bolts in the bolt holes. 


Tightening procedure examined 


At the low tension, represented by a 
tightening torque of 15 inch-pounds, the 
truss with the NAS screws showed more 
damping at the higher stress values than 
had been found in the comparable tests with 
the machine screws. This was rather sur- 
prising and, in searching for an explanation, 
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Figure 14.—Variation of logarithmic decrement with fiber stress: Truss (both span 


lengths) bolted with machine screws with three degrees of bolt tension. 
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it was suspected that variations of this 
sort, particularly where lower bolt tensions 
were involved, might be the result of varia- 
tions in the tightening procedure itself— 
such as, for example, whether or not a 
given level of bolt tension had been preceded 
by a higher or a lower bolt tension value, 
It was recognized that the relation be. 
tween bolt tension and tightening torque is 
susceptible to variation, and throughout the 
tests great care was used to follow a uni- 
form procedure to control this variation as 
much as possible. 

To obtain information on this point, tests 
were made with the truss on the 36-foot, 
10-inch span excited with the 34.5-pound 
live-load weights. In one series, three bolt 
tensions were applied in ascending order; 
in a second series, the same tension values 
were applied in descending order. The 
data obtained are shown in figure 17. 

It is apparent from these data that the 
sequence of bolt tightening operations could 
have a measurable effect on the damping 
characteristics of the truss, the effect being 
least at the higher bolt tensions. It is in- 
dicated that the more tightly the joints are 
drawn up, the less sensitive they are to the 
variations inherent in the tightening pro- 
cedure. This seems quite reasonable. 

It will be recalled, however, that when 
the chord splices were tested to failure in 
tension the bolts were brought into bearing 
and at these high stresses the effect of bolt 
type and fit in the holes on the ultimate 
strength of the splice was quite marked. 


Effect of Variation in Dead Load 


One of the questions raised in the discus- 
sion of the damping tests by the Advisory 
Board had to do with possible effects of 
changes in dead load on the damping char- 
acteristics of the truss. It was particularly 
desired to learn what might be the effect 
of an increase in dead load. Because of 
the relatively high combined stresses de- 
veloped in the chord members by the 
dynamic tests, there was a practical limit 
to the amount by which the dead load could 
be increased. In order to obtain a rela- 
tively wide spread in dead-load values with- 
out developing an excessively high combined 
dead- and live-load stress in the chord mem- 
bers, the dead load of the truss was first 
reduced from its normal value of 1,059.6 
pounds (with NAS screws and Elastic Stop 
Nuts) to 843.5 pounds by decreasing the 
dead-load weights attached to the lower 
chord panel points. After tests had been 
made with this reduced dead load, using 
both the 19.5- and the 34.5-pound live-load 
weights, dead load was added to the truss 
until it weighed 1,278.2 pounds. The tests 
were then repeated. Amplitude. decay 
curves for each of the four test conditions 
are shown in figure 18. The data indicate 
that increasing the dead load of the truss 
by 51.5 percent caused no significant change 
in its damping characteristics. 

In the original discussion of the damping 
test program an item was included that re 
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ns the trussed member were made to conform 
ia- more nearly to the deck structure of a sus- 
aS pension bridge. As a result of the discus- 
a sion it was decided to extend the program to 
ed include some study of the effects of aug- 
1e, menting the dry friction within the truss 
\e- with dry friction developed by mechanical 
is brakes, by sliding bearings at the ends of 
he sections of a simulated floor system, and by 
ni- sliding bearings at the truss support. These 
as studies will be discussed in the order named. 
Tests with Mechanical Brakes 

sts It was considered desirable as a part of 
ot, the program in which the damping of the 
nd truss was augmented by dry or Coulomb 
olt friction, applied externally, to have some 
ol system by which the amount of the fric- 
sg tional force could be controlled within close 
he limits. 
- Figure 15.—NAS screws and Elastic Stop Nuts used in truss connections, and chord test _For ong ten: rg ia ry _ 
1d section which failed in tension when these screws were used. signed to develop known frictional forces 
ing 
ing lated to the manner of excitation of the 080 T 
in- specimens. Specifically, the H-section was | 
are to be excited by the release of live-load q { a 
the weights arranged in two different patterns piles ee 
_ and varied in amount so as to produce equal 

‘deflections of the beam at midspan. One 070 
‘en § pattern was that used in the tests that have | 
dos been described—that is, 26 weights, each of | 
ing | 34.5 pounds, uniformly distributed at 17-inch 
olt | intervals throughout the span length. The 
ate | other pattern consisted of a series of weights 

arranged symmetrically about the midpoint 060 

of the span length, but not spread uni- | 





al formly from one reaction to the other. | 
Use was made of the 51.75-pound weights 











































































































a available from the tests with the rectangu- | | 

of lar bar. By trial it was found that 12 of 050 oe 4 —--++- 

ar- | these weights would develop the required = | | 

ale deflection. The details of the two load ar- 5S 

“act rangements, together with the relations be- ¢& pee oe 2 

of tween logarithmic decrement and number of ws 

ies oscillations (or time) as found in each © 040+ — a 

tie test, are shown in figure 19. From this 5 

alt comparison it may be concluded that inso- = 

uld far as these particular load arrangements 

ea are concerned no significant effect on damp- S 

‘th- ing characteristics was found. 4 

weer To summarize: the data obtained in the 030 [a wee 

aie comparisons of the internal damping char- 

an acteristics of trussed and solid steel mem- 

9.6 bers show that there is a marked difference 

top between the two at the higher vibration 

the amplitudes and higher stress ranges, the 020 

wer damping of the truss being greater than 

a that of the solid section in all tests. At | | 
ing lower vibration amplitudes the differences ' a | | - | 

we are less marked and the damping, as mea- 4 ae | BOLTED TRUSS, 36-10" SPAN 
us sured by the logarithmic decrement values, sel ' Wa al al = LOAD 26, 345 LB. WEIGHTS 
ats 's relatively quite small with both types aA | ° 3} 
a of structural members. - | oan TIGHTENING TORQUE, INCH-POUNDS 
ions pe a 
cate Augmented Damping of Truss oa 
PUSS The data obtained in the tests that have | | 
nge been described so far led to a discussion %% 2000 4000 6000 8000 10000 12000 
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ping havior of the truss if it were provided 


Figure 16.—Variation of logarithmic decrement with fiber stress: Truss bolted with 


or with a simulated deck having sliding bear- NAS screws with three degrees of bolt tension. 
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Figure 17.—Effect of bolt tightening sequence on logarithmic decrement-—fiber stress 
relations. 


at the ends of the truss was constructed. 
The principle of the brake is quite simple 
and its operation may be readily under- 
stood by reference to figure 20. To the 
inner face of the concrete pedestal that 
earried the end bearings of the truss a 
steel support or post was bolted. This post 
extended upward through the truss and 
provided a ball-bearing fulcrum for a hori- 
zontal lever that extended outward lon- 
gitudinally over the end frame of the truss. 
At the outer end of the lever there was 
suspended on knife edges a pendant plat- 
form on which cast-iron weights could be 
applied to develop a known downward force 
on friction surfaces located beneath the 
lever and at a point near the fulcrum. These 
surfaces were of several forms and mate- 
rials and will be described presently. The 
upper surface was attached to the lever 
while the lower surface was carried on a 
plate bolted transversely across the truss in 
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the plane of the upper chord and directly 
over the end frame. The downward reaction 
at the friction surfaces was, therefore, di- 
rectly over the end bearing of the truss. 

As the truss oscillated in the vertical 
plane the end frame went through a rota- 
tional motion, causing a horizontal sliding 
motion at the plane of contact of the fric- 
tion surfaces. With the three weights used 
on the platform of the brake, vertical re- 
actions of 70, 140, and 210 pounds were de- 
veloped on the braking surfaces. One of 
these brakes was installed at each end of 
the truss and both were operative in all 
of the tests in which brakes were used. 


Friction surfaces varied 


In the initial tests with the brakes, both 
of the friction surfaces were of cold rolled 
steel—the upper surface being a cylindrical 
segment of 6-inch radius, the lower surface 
being plane. These were the surfaces in 





use when the photograph of figure 20 was 
taken. To insure dry friction the rubbing 
surfaces were carefully cleaned before each 
test. 

It was at once evident that the rubbing 
of a cylindrical surface of cold rolled stee] 
on a plane surface of the same material in 
the absence of a lubricant was causing a 
surface scoring or “galling” which resulted 
in erratic test results and was, therefore, 
not satisfactory for comparative testing. 
The condition was present in tests at rela- 
tively low pressures on the friction surfaces, 
but was more severe at the higher pressures. 

To increase the areas of contact of the 
friction surfaces and thus decrease the pres- 
sure intensity, circular plane surfaces of 
1.0- and 2.0-square-inch area, respectively, 
were made up as replacements for the upper 
cylindrical surface used in the initial tests. 
These also were of cold rolled steel, finely 
finished. They were conical in form and 
were fitted with a ball seat at the top to 
insure that the plane friction surfaces would 
remain in uniform bearing as motion oc- 
curred. Even with the greatly reduced 
pressure intensities obtained by this modifi- 
cation the scoring continued as long as the 
opposed surfaces were of cold rolled steel 
and were without lubrication. 

The character of the material used for 
the lower friction surface was next changed. 
Inserts of bronze or of hardened steel were 
fastened in the plate that was bolted across 
the truss. The bronze insert was made of 
some bridge bearing material left over from 
an earlier research program and met the 
requirements of A.S.T.M. Designation B-22- 
21, Class C. The steel insert was of flat 
drill-rod stock hardened to Rockwell C 57. 

These various friction surfaces are shown 
in figure 21. In the bottom row from left 
to right are the 2-square-inch circular plane 
surface, the bronze insert, the hardened 
steel insert, and the 2-square-inch circular 
plane surface in its normal position with 
the ball in place to bear against the lower 
surface of the lever arm. In the upper 
row of the group are two views of the 
cylindrical steel surface used in the initial 
tests with the brake and of the 1-square- 
inch circular plane surface of cold rolled 
steel used later. 


Damping effect of brakes 

With the friction brakes in operation, the 
oscillations of the truss damped out much 
more rapidly than did those obtained under 
identical test conditions without this ex- 
ternally applied frictional force. This is as 
would be expected. Because of this rapid 
rate of amplitude decay it was no longer 
feasible to determine the logarithmic decre- 
ment from the intermittent records of move- 
ment obtained with the stylus at midspan 
and recourse was had to a magnetic type 
pickup with oscillograph recording, as me?- 
tioned earlier. This type of recording was 
used in all of the tests in which external 
friction was applied to the truss. Typical 
records obtained with this recording system 
are shown in figure 22. These records are 
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of interest because they indicate very clearly 
the strong damping developed by the brakes, 
particularly as the braking force F, is in- 
creased, and also because they show the dif- 
ference in shape of the envelope curve 
where the damping is principally caused 
by dry or Coulomb friction. 

Amplitude decay curves obtained with the 
mechanical brakes in operation are shown 
in figures 23 and 24 in comparison with 
that for the truss when no external friction 
was present. Figure 23 contains data ob- 
tained with the bronze lower friction sur- 
face in contact with cold rolled steel upper 
friction surfaces of each of the three types 
and for three pressure intensities. Figure 
24 contains data for comparable test condi- 
tions except that the lower friction surface 
was of hardened steel. 


In these figures and some that appear 
later the amplitude values are as measured 
with the pickup unit near the end of the 
truss. They are, therefore, only about 10 
percent of the corresponding amplitude 
values at midspan. 

It is apparent that where the bronze and 
steel plates were used as opposing friction 
surfaces (fig. 23) the braking action was 
smooth and consistent, the damping in- 
creased progressively with the increase in 
force applied normally to the surface ( F,), 
and the area of the friction surfaces had 
little influence. In other words, the action 
conformed to the basic principles of dry 
friction. 

In contrast, where the opposing friction 
surfaces were of steel, even though one was 
much harder than the other, abrasion and 


scoring were prevalent. The result, as will 
be seen from figure 24, is that although the 
damping action was at times greater than 
with the bronze-steel combination, the action 
was neither consistent nor dependable. Al- 
though the damping does increase with in- 
creases in the force applied normally to the 
friction surfaces, the relation is not par- 
ticularly consistent. It is apparent also that 
with the greater pressure intensities ob- 
tained with the smaller contact areas the 
frictional resistance was greater than with 
the larger areas, indicating that smooth 
sliding friction did not obtain. 

It is of particular interest that the ob- 
served behavior of these friction surfaces 
was quite similar to that observed in a series 
of friction tests on sliding bearings made by 
the Bureau of Public Roads a number of 
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Figure 18.—Effect of dead load variations on amplitude decay: 36-foot, 10-inch span truss bolted with NAS screws with 45 inch-pounds 


PUBLIC ROADS .~ Vol. 27, No. 10 


tightening torque. 


217 























































































ee 25 @i7"= 425" | pre ve" 

HAoo ooo ooo oo oooeooooeoeGo 

} eaneresere 1 @ 17" “ 167°. -—— == \27 172" peace 
. fAGoooooooon 
3 00s see re se een ee 
ay 
Z 005 = cine Seow - ee = | —e 
3 a Oe | | | 

on ~~ an | ee ome 


(ABOVE) Figure 19.—Comparative effects 
of uniform loading and of symmetrical 
but non-uniform loading on the damping 
of the H-section (midspan deflection the 
same in both cases). 


(RIGHT) Figure 20.—Friction brake, with 
cylindrical surface on brake lever in con- 
tact with plane surface on truss. 


years ago.‘ It was concluded from these 
earlier tests that combinations of like or 
unlike ferrous metals gave the highest co- 
efficients of friction and that ferrous metals 
in contact with bronzes gave the lowest. Also, 
where the opposing plates were of ferrous 
metals, either like or unlike, seizure and 
scoring almost always occurred. 

For the comparative tests required in this 
program it seemed clear that a combination 
of steel and bronze must be used for the 
friction surfaces if the data were to be 
concordant and susceptible of analysis, even 
though the frictional forces developed were 
somewhat smaller. 

With the mechanical brakes acting, it is 
evident from the data in figure 23 that the 
oscillation amplitudes decrease very rapidly 
to values of the order of 0.01 inch or less, 
as measured at the deflection gage position 
near the end of the truss (which corresponds 
roughly to amplitudes of 0.1 inch or less at 
midspan). Also it is apparent that the 
shape of the envelope or amplitude decay 
curve tends to become linear as the braking 
force is increased. This is as would be ex- 
pected, since the Coulomb damping sup- 
plied by the braking system tends to be- 
come the dominant component as this force 
is increased. 

In figure 25 are shown logarithmic decre- 
ment values computed from the amplitude 
decay curves of figure 23 for the 2-square- 
inch friction plate area and for four values 


* Determination of coefficients of friction of sliding 
bearings for bridges, by G. W. Davis. PuBLIC RoAps, 
vol. 17, No. 10, Dec. 1936. 
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of the braking force as measured by the 
; normal component F.,, The complex nature 
ese Saal oe SS, SS of the overall damping with the brakes in 

eer ea is oe ee operation made it expedient to compute 
decrement values directly from successive 
measured amplitudes at frequent intervals, 
as described earlier. This accounts for the 
slight scatter of the points for the three 
upper curves in figure 25. 

In the case of Coulomb damping the 
logarithmic decrement is inversely propor- 
tional to amplitude. It can be shown that 
such a hyperbolic relation exists in the 
data from the tests in which the maximum 
braking force was used, that is, F, = 210 
pounds, which indicates that with the high- 
est braking force active, the damping is al- 
most entirely from the braking action, hence 
follows the laws of dry or Coulomb damp- 
ing. 

At lesser values of F, the action is not so 
completely dominated by the dry friction 
developed by the brakes and the damping 
relations are more complex. 
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NVA ULALLU Simulated Floor System 

i The second group of experiments involv- 
ing the development of additional Coulomb 
damping were those in which a simulated 
floor system, with sliding bearings at in- 
tervals, was placed on the top of the trussed 
member. 


















































F, = 70 POUNDS 





This deck was designed as a series of 
steel plates 7% inches wide by * 1,4 inch 
thick, arranged end to end over the full 
RR length of the truss. Except for one sec- 

tion 34 inches in length at the center of the 

span, the deck sections were each 8 feet, 6 

inches in length. At alternate panel points 

of the upper chord small plates of cold 

rolled steel were bolted transversely on the 

| Mana truss and on these the steel-plate deck sec- 
Mh 








ee 





| ALANNA A ae tions were supported. At one end of each 
iil Wee individual deck section (except the 34-inch 
section in the center) two short vertical 
{| legs were fastened. This pair of legs was 
attached to one of the transverse plates by 
a hinge or knuckle connection that was re- 
sistant to horizontal or to vertical motion, 
sal but not to rotation. At each of the other 
F, = 140 POUNDS support points, the deck section was fitted 
with a similar pair of legs except that these 
were tipped with bronze shoes at the lower 
Ee ee ee end to create sliding friction bearings for 
the horizontal movements that occurred at 
these points as the truss oscillated in the 

vertical plane. 
A deck load of about 500 pounds was con- 
sidered desirable for the purposes of the 
! Any tests. To develop this and at the same time 
| AN NAnaee to maintain the total dead-load weight that 
| P had been used in the majority of the tests 
with the truss, the dead-load weight at- 
tached to the truss at the lower panel points 
was reduced from 768.9 pounds to 274.3 
{1 pounds, a_ difference of 494.6 pounds. 
= Ballast weights attached to the deck sec- 














































































































tions were used to increase the weight of 
the simulated floor system by an amount 


Figure 22.—Typical amplitude decay records of friction brake tests, with 1-square-inch which equaled approximately that removed 
plane contact area. from the lower panel points. The steel 


F, = 210 PQUNDS 


ADS PUBLIC ROADS - Vol. 27, No. 10 219 





















































































































































14 4 
WITHOUT FRICTION BRAKES 
6" RADIUS CYLINDRICAL SURFACE 
——- — 2 SQINCH PLANE SURFACE 
\ ———— | SQINCH PLANE SURFACE 

12 

10 
w 
Ww 
= 
Oo 
Z 
' 08 
w 
3 
— 
pi 
a 
= 
+ 06 

F, = 210 POUNDS 
04 
|.F.=70 POUNDS | 
Pie. ~wz_" | | 
02 F,=140 POUNDS ee. 
| — | 
“s 10 15 20 25 30 35 40 45 50 55 60 65 70 


NUMBER OF OSCILLATIONS 


Figure 23.—Effect of various degrees of dry friction on amplitude decay: steel against bronze. 
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Figure 24.—Effect of various degrees of dry friction on amplitude decay: steel against steel. 
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Figure 25.—Effect of various degrees ef dry friction on logarithmic decrement values 
(36-foot, 10-inch truss loaded with 26 weights, each of 34.5 pounds, and bolted 
with NAS screws at 45 inch-pounds tightening torque; brakes steel against bronze, 


2-square-inch plane areas). 


deck, supports, and ballast weighed 497.7 
pounds, making the total weight of the 
specimen 1,062.6 pounds as compared with 
1,059.6 pounds before the deck was added. 

Figure 1 (p. 203) shows the general ap- 
pearance of the truss with the deck sections 
in place. In the foreground may be seen 
the electromagnetic pickup device used for 
recording oscillation amplitudes in this part 
of the program. In figure 26 are shown the 
details of the end connection of one deck 
section, the sliding bearing at the end of 
the adjacent section, and the manner in 
which the ballast weight was applied to the 
plates over the support points so that there 
would be no tendency for a secondary period 
of vibration to develop in the deck sections 
as the truss oscillated. The bronze tipped 
legs supporting the deck sections rested in 
Shallow flat-bottomed grooves machined in 
the plates that were bolted to the truss. 
These also are shown in figure 26. 

The 34-inch section in the center of the 
Span was equipped with friction shoes at 
both ends rather than being fastened to the 
truss at one end as were the other sections. 
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Joint openings of % inch between sec- 
tions were provided to insure freedom for 
longitudinal movement. 


Air damping studied 

It was recognized from the beginning that 
in all of the tests a certain amount of air 
damping was present. However, there was 
evidence that it contributed only in a small 
degree to the overall damping for which 
the logarithmic decrement was being de- 
termined. 

With the addition of a relatively large 
horizontal area such as was represented by 
the plates of the simulated deck, there was 
reason to suspect that the air damping 
might become a significant component of 
the overall damping and some experiments 
were made to determine how important 
this influence might be. 

A series of plates of %-inch plywood 
were attached to the truss as a replacement 
for the steel plates of the deck system. Each 
plywood plate was attached to the truss at 
the midlength of the plate and the plates 
were separated slightly so that no stiffen- 


ing effect was introduced. The total area 
of plywood plates was the same as that of 
the steel deck. The total weight of the 
plywood was 16.75 pounds. A wooden strip 
was used at the center of each section to 
support it and to raise it clear of the steel 
of the truss. 

There was noticeable fanning of the air 
when the truss oscillated, particularly where 
the amplitudes were large. By generating 
chemical smoke underneath the truss, the 
puffs of air expelled at the edges of the 
plates were made quite apparent. 

Amplitude decay curves for the truss with 
and without the plywood plates attached 
are compared in figure 27 with a similar 
relation obtained from tests of the truss 
with the steel deck sections in place. It is 
apparent that the additional air resistance 
created by the application of the plywood 
plates and the consequent addition of ap- 
proximately 24 square feet to the frontal 
area did increase the overall damping to a 
degree that could be measured, although 
the effect was relatively small. This tends 
to support the assumption that, in the case 
of the truss without a deck, air resistance 
was not an important contributing com- 
ponent to the damping. 


Damping effect of deck 

With the steel deck sections added and 
Coulomb friction active at the sliding deck 
support bearings, the increase in damping 
was relatively large (fig. 27), being quite 
similar to the effect observed with the 
brakes acting at the ends of the truss, the 
magnitude corresponding approximately to 
that observed with a braking force F, = 70 
pounds. 

The variation of logarithmic decrement 
value with dynamic fiber stress for three 
deck conditions (no deck, plywood plates, 
and steel deck with deck support friction) 
is shown in figure 28. As in other graphs 
of the same type, the high stress values 
measured at the beginning of the test are 
at the right-hand side of the graph. The 
decrement values were computed from 
measured values of successive amplitudes 
in the manner previously described, and 
again the slight scatter of the points on the 
upper curve is attributed to the difficulty 
in determining decrement values precisely 
by this method where the damping rate is 
high. 

In figure 29 are shown logarithmic decre- 
ment values plotted against the number of 
oscillations (or time) for the three deck 
conditions and for two live-load weight 
values used in the tests. This figure is 
similar to figure 25 except for the extent 
of the horizontal scale. 

It is interesting to note that the increase 
in the value of the logarithmic decrement 
with decrease in vibration amplitude that 
was observed in the tests with the friction 
brake is present also in these data from 
the tests with the steel deck in place. The 
upward trend of the decrement values 
reaches a maximum after about 45 oscilla- 
tions with the smaller live load and after 
about 65 oscillations with the larger live 
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Figure 26.—-Fixed and sliding bearings at ends of steel plates of simulated deck placed 
on top of the truss. 


load, after which the decrement values de- 
crease very rapidly. These peak values 
are significant. It will be noted from 
figure 27 that after 65 oscillations the ampli- 
tude of vibration is quite small (approxi- 
mately 0.1 inch at midspan). When the 
amplitude decreases to this value, sliding of 
the friction bearings of the floor system 
ceases and from that point on damping is 
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controlled by the conditions of static fric- 
tion. 

As was to be expected, the frequency of 
oscillation of the truss changed slightly after 
the steel deck sections were installed. Also, 
it was found that the change in frequency 
was not constant but tended to increase 
slightly as the amplitude became smaller. 
For example, from seven tests with the 
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larger live load (26 weights of 34.5 pounas 
each), the average: frequency during the 
first 150 oscillations was found to be 2.5913 
vibrations per second while the average for 
the remaining portion of the records was 
2.6275 vibrations per second. Using these 
values to evaluate the effect of the deck on 
truss stiffness, it was found that the ap- 
parent moment of inertia ranged from 20.99 
inches * (average for the first 150 oscilla- 
tions) to 21.58 inches* (average for the re- 
maining oscillations). The value of the 
moment of inertia of the truss without the 
deck, as given in table 1, is 20.7 inches‘. 
From these comparisons it can be concluded 
that the effect of the steel deck and the 
forces developed at the sliding shoes of the 
deck sections was to add slightly but 
measurably to the stiffness of the truss. 


Sliding End Bearings 


The third method used in these studies 
for developing external Coulomb friction 
was the substitution of sliding bearings for 
wheel bearings at one end of the specimen. 
This method was applied both to the bolted 
truss and to the H-section. To make the 
desired comparisons, sliding shoes were de- 
signed that would mount on the same cross 
shaft that normally carried the ball-bear- 
ing wheels. The shoe body was of steel 
and served as a housing for a self-alining 
ball bearing that slipped over the cross 
shaft. The lower edge of this steel body 
was faced with a bronze shoe plate splined 

















to it. This shoe plate, 3.0 inches long 
and 0.6 inch wide, served as the moving 
friction surface. It rested on a finely 
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Figure 27.—Effect of variations in deck condition on amplitude decay (36-foot, 10-inch truss loaded with 26 weights, each of 34.5 
pounds, and bolted with NAS screws at 45 inch-pounds tightening torque). 
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Figure 28.—Variation of logarithmic decrement with fiber stress for three different deck conditions (36-foot, 10-inch 
truss loaded with 26 weights, each of 34.5 pounds, and bolted with NAS screws at 45 inch-pounds tightening torque). 


finished steel plate bolted to the top of the 
concrete support pedestal. Figure 30 shows 
a pair of these shoes mounted on the H-sec- 
tion. The self-alining bearings made it 
possible for the sliding plates to remain in 
flat bearing with the mating surfaces at all 
times, regardless of any angular motion 
that might develop in the cross shaft. 

A number of tests were made with both 
types of end bearing with both the truss 
and H-section. For these tests both the 
19.5-pound and the 34.5-pound live-load 
weights were used. Amplitude decay data 
were obtained and from these logarithmic 
decrement values were calculated. The 
data from tests with the 34.5-pound live- 
load weights are compared with data for 
other test conditions in figures 31 and 32. 
In figure 32 the two lower curves show 
how logarithmic decrement values decreased 
where the specimens were mounted on ball- 
bearing wheels and the end bearing friction 
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is small. In contrast, where end bearings 
of the sliding type are used (without lubri- 
cation) and a strong damping force is de- 
veloped by dry friction, the damping in- 
creases with amplitude decrease, rising to 
a maximum at the 25th oscillation in the 
case of the truss and at the 30th oscilla- 
tion in the case of the H-beam, after which 
it decreased very rapidly to a value well 
below that which obtained at the time of 
the first oscillation. As in the case of the 
other tests with external Coulomb fric- 
tion, these maxima occurred at midspan 
vibration amplitudes of the order of 0.1 
inch at the point where sliding motion of 
the friction surfaces ceased. 

It is of interest to compare the effect 
on damping of the friction forces developed 
by the mechanical brakes with those de- 
veloped by the sliding end bearings. For 
this purpose the dash line was added to the 
other data in figure 32. The similarity 


of the effects of the external resistance de- 
rived from dry friction in the two cases is 
apparent. 


Forces Developed at the Sliding 
Bearings 


A study was made of the friction forces 
developed at the sliding contact of the bronze 
and steel plates used in most of the friction 
tests. Information on the character and 
magnitude of these forces was needed, par- 
ticularly for the correlation of observed 
behavior with theory.’ 

To obtain this information an apparatus 
was designed that would reproduce as 
closely as possible the conditions present 
in the friction brake used at the end frame 
of the truss, and at the same time would 
provide means for measuring the horizontal 
forces required to produce sliding of the 





5 See reference, footnote 1, p. 203. 
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Figure 29.—Effect of variations in deck condition on logarithmic decrement values (36-foot, 10-inch truss bolted with NAS screws at 
45 inch-pounds tightening torque). 


one friction surface on the other. The 
apparatus is shown in figure 33. It con- 
sists of a motor-driven mechanism that pro- 
duces a horizontal translatory motion 
closely approximating in stroke and fre- 
quency that of the friction plates in the 
brake on the truss. This motion is im- 
parted to a small horizontal plate or car- 
riage mounted on small ball-bearing wheels. 
Included in the linkage is a strain gage 
dynamometer component to measure con- 
tinuously the horizontal resisting force 
created by the friction plates. On the car- 
riage mentioned above the bronze friction 
plate was fastened, with the steel friction 
plate superimposed. Vertical pressure be- 
tween the two was developed by the same 
lever and weights used in the friction brake 
on the truss. An oscillograph recorded the 
entire elastic strain cycle as the dynamo- 
meter responded to the resisting forces de- 
veloped between the two friction plates in 
the reciprocating motion to which they were 
subjected. 

With this apparatus it was possible also 





Figure 30.—Sliding end bearings substituted for wheel bearings, mounted on the 


H-section. 
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to determine the resistance to horizontal 
motion offered by the ball-bearing wheels 
used to support one end of the truss, H-sec- 
tion, and rectangular bar in most of the 
tests. A reproduction of an oscillographic 
record of tests with the bronze and steel 
plate combination in an unlubricated condi- 
tion and with the ball-bearing wheels is 
shown in figure 34. 

From a series of tests with this device it 
was found that: 

1. The force required to cause the steel 
plate to slide over the bronze plate with the 
reciprocating motion that has been de- 
scribed varied with time essentially in the 
form of a square wave, as shown in the 
lower part of figure 34. 

2. Once sliding began, the resistance to 
motion (or the coeffictent of sliding fric- 
tion) did not vary with the velocity of the 
motion. 

3. The average coefficient of sliding fric- 
tion for the 2-square-inch steel plate on the 
bronze plate in an unlubricated condition 
was found to be 0.131. That with the ball- 
bearing wheels was too small to measure 
accurately. 


Tests with Riveted Truss 


It appeared desirable before concluding 
the investigation to make some tests with 
the truss connections riveted, as a supple- 
ment to the tests of the authorized program, 
in order to afford comparisons between the 
damping obtained with riveted joints and 
that found with the several conditions of 
bolted connections. 

The satisfactory riveting of the many con- 
nections in the trussed member presented 
a practical problem of some difficulty. A 
considerable amount of shop experimenta- 
tion was necessary before a technique was 
developed that produced tight rivets, with 
well formed heads, without distorting the 
thin metal of the truss members. The 
rivets used were of soft iron, had an aver- 
age clearance in the reamed holes of about 
0.001 inch before driving, and were driven 
cold with a small air hammer operating at 
about 40 p.s.i. pressure. Special tools were 
made to form the round heads and the length 
required for the various connections was 
found by trial. The appearance of typical 
connections is shown in figure 35 and the 
overall appearance of the trussed member 
on its supports is shown in figure 36. The 
truss was given a spray coat of flat white 
paint after riveting, with the thought that 
this might aid in detecting movement in 
-he joints during subsequent testing. The 
movements proved to be too small to be 
detected visually, however. 

The structural testing activities of the 
Bureau of Public Roads were moved to a 
new building in Fairfax County, Va., in 
1951. Moving of the testing activities to 
the new location involved the casting of one 
new end pedestal, the dismantling and re- 
setting of the end bearings, and other opera- 
tions that conceivably might cause changes 
in the conditions of the tests. Since it was 
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Figure 31.—Comparative effect of brake friction and sliding end beoring 
friction on amplitude decay. 


desired to make comparisons between data 
obtained with the riveted truss at the new 
location and data obtained with the bolted 
truss at the old location, it was considered 
desirable to repeat certain tests made with 
the H-section in the early part of the pro- 
gram, to establish the magnitude of any 
effects that might have developed as a re- 
sult of moving the test set-up. 

For the comparison, tests were made with 
both the 19.5-pound and the 34.5-pound live- 
load weights. All details of the original 
test procedure were repeated as nearly as 
was possible. Figure 37 shows amplitude 
decay curves for tests with the 34.5-pound 
live-load weights at each location, with 
equations derived to fit each set of experi- 
mental data. It will be observed that al- 


though the initial amplitudes and _ those 
after 500 oscillations are identical there is 
a slight but definite difference between the 
shapes of the envelope curves between these 
points. The equations reflect this differ- 
ence. Whether the slightly reduced rate of 
decay at intermediate amplitudes shown in 
the data obtained in the recent tests is due 
to reduced friction at the end bearings is 
not known but it seems probable. These 
bearings were cleaned and re-alined when 
the new installation was made. It is sig- 
nificant that, whatever the cause, exactly 
the same effect was found in the tests with 
the 19.5-pound live-load weights. 

The self-damping of the H-section has 
proved to be relatively small in all of the 
tests and it is to be expected that the slight 
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Figure 32.—Effect of type of end bearing on damping of truss and H-section, excited with 26 weights, each of 34.5 pounds. (Damping 
of truss with friction brake included for comparison.) 





& ee 


Figure 33.—Apparatus used to evaluate coefficient of friction of surfaces used in brake tests. 
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difference in the shape of the two amplitude 
decay curves of figure 37 would be reflected 
in a noticeable difference in the logarithmic 
decrement values at the intermediate and 
higher amplitudes. . That such a difference 
exists is shown by the decrement-stress re- 
lations for the two series of tests as shown 
in figure 38. It is well to keep in mind 
the generally low order of magnitude of the 
decrement values for the H-section. Differ- 
ences such as are shown in figure 38 are of 
relatively small significance when compar- 
ing data from tests with the truss in either 
the bolted or the riveted condition. 


Comparison of test data 


Following the tests with the H-section, 
the riveted truss was set up on the 36-foot, 
10-inch span and tested with both the 19.5- 
pound and the 34.5-pound live-load weights, 
using exactly the same testing procedure 
that had been employed in the earlier tests 
with the bolted truss. Since the tests with 
the 19.5-pound weights developed no infor- 
mation that was not shown by the tests 
with the 34.5-pound weights, only the data 
from the latter will be included in this 
report. 

It was found in the early tests with the 
truss bolted with machine screws at 35 inch- 
pounds of torque that a permanent sag 
developed in the member as a result of 
slight movements in the many joints. For 
the bolted truss the magnitude of this sag 
at midspan was 1.09 inches. Measurements 
made during the testing of the riveted truss 
showed the sag at midspan after testing to 
be 0.04 inch or about 4 percent that of 
the bolted truss. Moment of inertia values 
computed from the measured load-deflection 
characteristics of the truss were 20.7 
inches # when bolted and 20.6 inches 4 when 
riveted. These data indicate less movement 
in the joints of the riveted truss but little 
or no change in its stiffness. 

Logarithmic decrement values computed 
from amplitude decay data for the riveted 
truss are shown in figure 39, plotted 
against dynamic stress values obtained by 
means of strain measurements. Similar 
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Figure 34.—Relative fric- 
tional resistance of ball- 
bearing wheels and slid- 
ing plate during cycles 
of horizontal motion. 


curves for the truss bolted up with both 
the No. 10-24 machine screws and the NAS 
screws, as well as that from tests with 
the H-section, are shown in the same figure 
for comparison. 

It is indicated by the comparisons avail- 
able in this figure that while reduced move- 
ments in the joints of the riveted truss 
did lower appreciably the self-damping of 
the member below that of the bolted truss, 
particularly at higher amplitudes (and 
stresses), it still showed much greater self- 
damping at all amplitudes than was found 
for the comparable solid member (H-sec- 
tion). 

A test of a riveted chord splice in tension 
failed by rupture of both of the splice plates 
in the grip. No failure occurred in the 
riveted splice although the computed unit 
stress in the chord angles was about 68,100 
p.s.i. It will be recalled that the tension 
test of a chord splice drawn up with the 
NAS screws at 15 inch-pounds torque de- 
veloped failure by rupture of the chord 
angles through the first bolt hole at a com- 
puted stress in the angles of about 76,600 
p.s.i. Data from the test of the riveted splice 
are included in table 3. 








Figure 35.—Appearance of riveted connections after applying spray coat of flat white paint. 
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Figure 36.—General appearance of riveted truss at new test site. 
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Figure 37.—Comparison of amplitude decay curves obtained with the H-section at the two test sites. 
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Figure 38.—Comparative logarithmic decrement data obtained with the H-section at the two test sites. 


Comparative Measurements of 
Damping 


It was discovered at the time of the first 
tests of the original program that the ver- 
tical oscillation of the test specimens was 
responsive to very small amounts of friction 
in the recording apparatus at midspan, so 
care was taken to reduce the friction of 
the stylus in the drum recording equipment 
to a minimum. The use of a method that 
yielded direct recordings of amplitude at 
midspan had considerable appeal since there 
could be no doubt of the extent of the mo- 
tion that it was desired to measure. How- 
ever, it was realized that some stylus fric- 
tion was always present and the effect of 
this could not be readily evaluated. 

Later, when equipment became available 
that permitted measurements of oscillation 
amplitude without physical contact with the 
specimen, it was felt that this might be a 
better method for obtaining amplitude decay 
data. As stated earlier, the magnetic re- 
luctance pickup, having been designed for 
another purpose, had an effective range of 


motion that was too small for measurements 


at midspan so it was necessary to install 
it near one reaction and to establish by 
test the proportionality of vertical ampli- 
tudes there with those at midspan. This 
was done by simultaneous measurements at 
midspan with the smoked paper on the drum 
and measurements near the rocker reaction 
with the magnetic cell. A good general pro- 
portionality was found to exist. Because 
of the amplification required for recordings 
with the magnetic cell, the element of in- 
strumental performance was present in 
these data. The installation of this unit 
at the new test site is shown in figure 40. 
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The question of determining damping 
characteristics through the analysis of con- 
tinuous recordings of strain was discussed 
early in the program. At that time suit- 
able equipment was not available and ex- 
periments made with the equipment at hand, 
while encouraging, showed the need for bet- 
ter instrumentation if the subject were to 
be investigated. 

Such equipment, acquired for other pur- 
poses, was available at the time of the 
tests with the riveted truss and for this 
reason some comparative tests were made, 
both with the H-section and with the riveted 
truss. In these tests simultaneous meas- 
urements were made of midspan deflection 
with smoked drum recording, midspan strain 
with amplification and oscillograph record- 
ing, and of deflection amplitudes at a point 
about 14 inches from one end reaction using 
a magnetic reluctance pickup and oscillo- 
graph recording. From each of these 
records amplitude decay curves were ob- 
tained and logarithmic decrement values 
computed. The computed logarithmic 
decrement values plotted against a num- 
ber-of-oscillation (or time) scale are shown 
for both specimens and for the three types 
of recorded data in figure 41. Consider- 
ing the variables that are involved in the 
recording and reducing of the data ob- 
tained in this study, it is considered that a 
rather good correlation was obtained. Curi- 
ously, the lowest decrement values were 
consistently those derived from data ob- 
tained with the direct recording by means 
of the stylus on the smoked drum. This 
suggests the possibility that characteristics 
of the electrical amplification circuits em- 
ployed in the other two recording systems 
may have been responsible for such dis- 
persion as is shown. 
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Some Comparisons of Experimental 
Data with Theory 


In the paper published previously * there 
was a discussion of the motions which oc- 
curred at the friction surfaces where the 
self-damping of the truss was augmented by 
dry friction externally applied. This dis- 
cussion was a part of the theoretical devel- 
opment preliminary to obtaining compari- 
sons between theoretical and observed rela- 
tions of vibration amplitude versus damping 
capacity as measured by values of loga- 
rithmic decrement. Subsequent work done, 
as one of the supplemental investigations 
previously mentioned, yielded information 
of value regarding this relation.’ 

Measurements were made of the transla- 
tory and rotational movements at the two 
ends of the H-section as caused by the re- 
lease of the 26 weights of 34.5 pounds each, 
symmetrically arranged at uniform spacing. 
Under the conditions of these tests the 
tendency for translatory movement at the 
end supports is the result of two separate 
deformations, both of which vary as the 
beam vibrates. In the first place, the de- 
flection of a beam that is simply supported 
is accompanied by a shortening of its upper 
fibers under compression and a lengthening 
of its lower fibers under tension. This is 
reflected in a rotational motion of the trans- 
verse sections immediately over the sup- 
ports. In the present case the beam had 
considerable depth and the supports were 
below the neutral axis so that the rotation 


® See footnote 1, p. 203. 


* Joseph H. Appleton, Assistant Structural Engi- 
neer, participated in the conduct of this portion of the 
program of supplementary tests. His assistance is 
gratefully acknowledged. 
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Figure 39.—Variation of logarithmic decrement with fiber stress for the truss and H-section (36-foot, 10-inch span 
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of the end sections developed a tendency 
for translatory motion at the end supports. 
Secondly, any change in the vertical deflec- 
tion of the beam is accompanied by a change 
in the length of the chord between the two 
ends of the neutral axis. This also causes 
a tendency for translation at the end sup- 
ports. Since at the rocker bearing there 
was restraint against longitudinal motion, 
all of the translatory motion at the sup- 
ports had to take place at the wheel bearing 
end of the beam. 

The theoretical movements, both rota- 
tional and translatory, were computed for 
the particular conditions of these tests and 
were compared with motions as measured 
with dial micrometers. The comparison is 
shown in table 5. 

Having obtained a satisfactory correla- 
tion for the H-section, a study was made of 
the movements that would occur at the 
ends of the bolted truss, particularly at 
the position of the friction surfaces used in 
the tests with the friction brakes. Since 
the damping capacity depends directly upon 
the extent of the movement at these sur- 
faces, it was desirable that a rather pre- 
cise comparison be made. This led to a 
study of the effect of the sag of the truss, 
which has been mentioned before, on the 
motions that would occur if the sag were 
not present. The magnitudes of the move- 
ments were computed, both with and with- 
out a correction for sag, and from these 
logarithmic decrement values for various 
amplitudes were obtained, as shown in 
figure 42. The results are compared with 
a similar relation obtained from measured 
amplitude and logarithmic decrement values. 

It is apparent that the sag present in 
the bolted truss was sufficient to have a 
measurable effect on the computed value 
of damping capacity. It is indicated also 
that when a correction for sag is introduced 
there is somewhat better agreement between 
the computed and observed data shown in 
this graph. Furthermore, this figure shows 
a good correlation between the observed be- 
havior of the truss with strong Coulomb 
damping and that predicted by theory for 
the same conditions. 
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Figure 40.—Magnetic reluctance pickup device located about 14 inches from the rocker 
end bearing on the riveted truss. 


Table 5.—Comparison of computed and observed rotational and translatory 


movements at end supports 














Computed Observed 
movement movement 
End rotation: 
tae! once cp eobiaieriie mao ate e/a e!p emer Als Win w'Siee PARA RN NOR radians 0.0149 0.0147 
i cits ioe, 50 ion ve id Apia lbilemiieielivad ae 0k a a OE do.. 0.0149 0.0148 
Translation, resultant outward, at axis of wheel bearing..................eeeee08 inch 0.053 0.054 
Translation, resultant inward, at end of neutral axis: 
NEL Sita oelcia's arudtas's ead ae ae Riee AOR Oak ON GRINS RS KAS RE - ee 0.061 0.061 
I 6a i554 she iacerea sree Wale 0 aks Min GES REO ge RIB Se TR GNIS SE do 0.008 0.007 











(Figs. 41 and 42 are on the following pages.) 
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Figure 41.— Comparative logarithmic decrement values obtained with three methods of measurement. 
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Figure 42.—Effect of correction for sag of bolted truss on the correlation between observed and com- 
puted logarithmic decrement-amplitude relations (friction brake tests, F, = 210 pounds). 
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Results of Physical Tests of Road-Building Aggregate: a new bulletin 


The Bureau of Public Roads has recently 
published a new bulletin, Results of Physical 
Tests of Road-Building Aggregate, which 
reports the results of tests performed by the 
Bureau’s laboratory on more than 9,700 
samples of ledge rock, crushed stone, gravel, 
and blast-furnace or smelter slag, and more 
than 3,400 samples of natural or manufac- 
tured fine aggregate, received from sources 
all over the United States. The bulletin is 
available from the Superintendent of Docu- 
ments, U. S. Government Printing Office, 
Washington 25, D. C., at $1.00 a copy. 

Since the value of material for use as ag- 
gregate in road construction depends largely 
on the extent to which it will resist the de- 
structive forces of traffic and weather, and 
on its ability to exist in harmony with other 
materials with which it is used, the test 


data reported in this bulletin serve, to some 
extent, as measures of these qualities. Thus, 
for engineers and contractors, the bulletin 
will be a useful guide on the availability and 
suitability for highway construction of local 
coarse and fine eggregates. 

A brief introductory text in the bulletin 
reports the nature of the tests performed 
and describes the rocks and minerals men- 
tioned in the tables. Results of tests on 
coarse and fine aggregates are tabulated 
separately, and are arranged in alphabet:cal 
order by State, county, and nearest town. 
The type of source is ind:cated as commer- 
cial, local, or prospective. 

For both coarse and fine aggregates, the 
bulletin reports the name or lithological com- 
position of the material, and results of tests 
of bulk gravity, absorption, and soundness. 





In addition, for coarse aggregate, test re- 
sults of abrasive loss, crushing strength, 
hardness, toughness, and weight of com- 
pacted aggregate are reported; for fine ag- 
gregate, test results of grading, fineness 
modulus organic matter content, and mortar 
strength are shown. All tests were not per- 
formed on all samples, however. 

The tests reported in Results of Physical 
Tests of Road-Building Aggregate cover the 
work of the Bureau of Public Roads in this 
field over the 56-year period from 1895 to 
January 1, 1951. The bulletin supersedes 
and supplements U. S. Department of Agri- 
culture Miscellaneous Publication No. 76, 
The Results of Physical Tests of Road- 
Building Rock, published in 1930 and long 
out of print. 
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4 jist of the more important articles in 
Pusiic ROADS may be obtained upon request 
addressed to Bureau of Public Roads, Washing- 
ton 25, D. C. 
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The following publications are sold by the Superintendent 
of Documents, Government Printing Office. Washington 25, 
D. C. Orders should be sent direct to the Superintendent of 
Documents. Prepayment is required. 


ANNUAL REPORTS 


Work of the Public Roads Administration: 


1941, 15 cents. 1948, 20 cents. 
1942, 10 cents. 1949, 25 cents. 


Public Roads Administration Annual Reports: 

1943; 1944; 1945; 1946; 1947.( Free from Bureau oj Public Roads) 
Annual Reports of the Bureau of Public Roads: 

1950, 25 cents. 1951, 35 cents. 1952, 25 cents. 


HOUSE DOCUMENT NO. 462 
Part 1.—Nonuniformity of State Motor-Vehicle Traffic Laws 


MISCELLANEOUS PUBLICATIONS 


Bibliography of Highway Planning Reports (1950). 30 cents. 
Construction of Private Driveways, No. 272MP (1937). 10 
cents. 
Electrical Equipment on Movable Bridges, No. 265T (1931). 
40 cents. 
Factual Discussion of Motortruck Operation, Regulation, and 
Taxation (1951). 30 cents. 
Financing of Highways by Counties and Local Rural Govern- 
ments, 1931-41. 45 cents. 
Highway Accidents (1938). 10 cents. 
Highway Bond Calculations (1936). 10 cents. 
Highway Bridge Location, No. 1486D (1927). 
Highway Capacity Manual (1950). 65 cents. 
Highway Needs of the National Defense, House Document No. 
249 (1949). 50 cents. 
Highway Practice in the United States of America (1949). 
75 cents. 
Highway Statistics (annual) : 
1945, 35 cents. 1948, 65 cents. 
1946, 50 cents. 1949, 55 cents. 
1947, 45 cents. 1951, 60 cents. 
Highway Statistics, Summary to 1945. 40 cents. 


15 cents. 


re- (1938). 15 cents. Highways in the United States, nontechnical (1951). 15 cents. 
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a ee ee & ) 3 Interregional Highways, House Document No. 379 (1944). 
ag- Part 3.—Inadequacy of State Motor-Vehicle Accident Report- 75 cents. 
ness ing (1938). 10 cents. pone ane of Controlling Highway Access (1945). 15 cents. 
tar ; : : . Local Rural Road Problem (1950). 20 cents. 
an. Part 4.—Official Inspection of Vehicles (1988). 10 cents. Manual on Uniform Traffic Control Devices for Streets and 
P Part 5.—Case Histories of Fatal Highway Accidents (1938). Highways (1948). 75 cents. 
10 cents. Mathematical Theory of Vibration in Suspension Bridges 
ical , ; (1950). $1.25. 
“. Part 6.—The Accident-Prone Driver (1938). 10 cents. Principles of Highway Construction as Applied to Airports, 
- Flight Strips, and Other Landing Areas for Aircraft (1948). 
this $2.00. 
5 to UNIFORM VEHICLE CODE ae pe eal Access and Roadside Development 
edes ° . aa ° . 
ore Act I.—Uniform Motor-Vehicle Administration, Registration, ie aa Acquisition for Highway Purposes (1943). 10 
16, Certificate of Title, and Antitheft Act (1945). 15 Results of Physical Tests of Road-Building Aggregate (1953). 
cents. $1.00. 
oad- : : ’ ’ Roadside Improvement, No. 191MP (1934). 10 cents. 
long Act ee Operators’ and Chauffeurs Selected Bibliography on Highway Finance (1951). 55 cents. 


LOADS 
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15 cents. (revised 1952) 

Act III.—Uniform Motor-Vehicle Civil Liability Act (1944). 
10 cents. 

Act IV.—Uniform Motor-Vehicle Safety Responsibility Act. 15 
cents. (revised 1952) 

Act V.—Uniform Act Regulating Traffic on Highways. 20 
cents. (revised 1952) 


Model Traffic Ordinance. 20 cents. (revised 1952) 


MAPS 


State Transportation Map series (available for 39 States). Uni- 
form sheets 26 by 36 inches, scale 1 inch equals 4 miles. Shows 
in colors Federal-aid and State highways with surface types, 
principal connecting roads, railroads, airports, waterways, 
National and State forests, parks, and other reservations. 
Prices and number of sheets for each State vary—see Super- 
intendent of Documents price list 53. 

United States System of Numbered Highways together with the 
Federal-Aid Highway System (also shows in color National 
forests, parks, and other reservations). 5 by 7 feet (in 2 
sheets), scale 1 inch equals 37 miles. $1.25. 

United States System of Numbered Highways. 28 by 42 inches, 
scale 1 inch equals 78 miles. 20 cents. 


Specifications for Construction of Roads and Bridges in Na- 
tional Forests and National Parks, FP-41 (1948). $1.50. 

Taxation of Motor Vehicles in 19382. 35 cents. 

Tire Wear and Tire Failures on Various Road Surfaces (1943). 
10 cents. 


Transition Curves for Highways (1940). $1.50. 





Single copies of the following publications are available to 
highway engineers and administrators for official use, and 
may be obtained by those so qualified upon request addressed 
to the Bureau of Public Roads. They are not sold by the 
Superintendent of Documents. 


Bibliography on Automobile Parking in the United States 
(1946). 


Bibliography on Highway Lighting (1937). 

Bibliography on Highway Safety (1938). 

Bibliography on Land Acquisition for Public Roads (1947). 
Bibliography on Roadside Control (1949). 

Express Highways in the United States: a Bibliography (1945). 
Indexes to PUBLIC ROADs, volumes 17-19 and 23. 

Title Sheets for PuBLIC ROADs, volumes 24, 25, and 26. 
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STATE BALANCES PROGRAMMED ONLY ‘ikepieas ace aaa CONSTRUCTION UNDER WAY TOTAL 
= S| - = St | = = | SS | =, = Mies 
pore $5,550 519 , 208 $9,895 305.6] $11,062 $5,511 204.2 $37,922 | $19,468 474.8 $68,272 334,874 984.6 
Arizona 1,273 3,404 2,379 76.6 1,322 918 29.7 6,367 4,529 89.0 11,093 7,826 195.3 
Arkansas 4,073 12,889 6,765 363.5 3,177 1,592 105.6 11,579 5,714 264.1 27,645 14,071 753.2 
California 2,936 12,975 “4729 64.8 6,534 3,674 48.1 105, 004 52,207 317.3 12k 893 60,610 430.2 
Colorado 2,4ho 6,431 3,642 150.7 3,633 2,052 63.8 16,796 9,086 170.0 26 ,860 14,780 364.5 
Connecticut 6,959 1,902 1,003 3.6 475 235 BS 12,504 6,150 35.5 14,881 7, 388 39.4 
Setanta 2,510 605 305 25 1,179 589 7.6 3,547 1,706 15.5 pPRER 2,000 22.9 
Florida 4,682 16,459 8,359 255.2 7,035 3,809 127.6 17,639 8,894 239.5 41,133 21,062 622.3 
Georgia 7,462 17,137 8,800 440.2 8,483 4,018 152.0 33,997 16,259 487.5 59,617 29,077 | 1,079.7 
Idaho 2,034 9,504 6,003 169.4 3, 343 2,097 66.5 11,833 7,513 242.5 ~ Olky 100 15,613 476.4 
Llinois 9,006 30,775 16,570 14h..0 19,704 10,534 117.4 70,029 36,210 594.7 120,508 63, 314 856.1 
Indiana 10,514 36,255 18,882 161.6 427 3,221 50:0 27,253 14, 350 148.8 69,935 36,453 360.4 
ton 2,779 14,775 6,105 368.5 6,651 4,138 272.7 18,02 9,076 827.7 39,453 21,319 | 1,468.9 
Kansas 4 UbS 9,315 4,654 845.2 7,350 3,693 396.7 17,993 8,654 794.5 34,658 17,001 | 2,036.4 
Kentucky 3,813 11,968 6,188 133.4 5,218 2,609 101.4 23,112 12,010 300.6 40,298 20,807 535.4 
Louisiana 1,735 21,097 10,577 139.6 3,446 1,721 17.7 26,52) 12,829 137.6 51,067 25,127 294.9 
Maine 958 7,834 3,931 60.5 2,591 1,278 27.6 13, 300 6,434 81.2 23,725 11,643 169.3 
Maryland 8,210 B.257 4 232 70.5 3,743 2 Ti 27.3 2168 3,567 35.4 18,028 9,516 133.2 
Massachusetts 3, 16,293 8,241 24.6 3,074 1,525 4 40,143 19,133 34.6 59,510 26 ,899 63.3 
Michigan 6,746 23,418 12,299 415.2 12, 6,060 261.0 53,131 22,903 29k 4 88,617 41,262 970.6 
Minnesota 4,155 11,981 6,469 920.4 3,691 2,065 280.3 21,268 | 11,338 706.8 36,940 19,872 | 1,907.5 
1,251 15,941 8,064 443.2 3,863 1,822 161.6 22,009 11,242 637.5 GI, 813 21,128 | 1,242.3 
Missouri: 8,952 15,850 8,193 705.5 4,099 2,058 111.2 56,415 27,863 528.6 76, 364 38,124 | 1,345.3 
picntena 15 10,935 6,732 196.2 4 545 2,809 98.2 16,340 9,943 279.3 31,820 19,484 573-7 
Nebsacke 13,147 13,110 7,008 541.4 2,183 1,346 47.7 11,810 6,545 257-7 27,103 14,899 846.8 
Nevada 4,899 3,877 3,246 71.2 438 367 7.8 4,752 2940 104.2 9,067 7,553 183.2 
iow Mlampaiive 2,592 2,627 1,307 13.1 Tal 360 5.5 6,236 3,237 36.4 9,584 4, 90h 55.0 | 
New Jersey 3,332 7,782 3,891 61.6 7,819 3,722 8.6 26, 506 12,686 25.0 42,107 20 , 299 95.2 
New Mexico 1,132 2,760 1,727 54.1 3,610 2,288 93.0 6,828 4, 329 153.4 13,198 8, 344 300.5 
Now Yas 23,536 79,128 4o 598 14. 28,798 14,681 125.4 | 148,271 | 68,438 435.9 256,197 123,717 65-3 
North Carolina 6,254 19,405 9,422 365.9 5,764 2,726 122.1 28 , 359 13, 587 497.6 53,528 985. 
North Dakota 2,532 4,908 2,468 823.9 2,470 1,235 352.2 10,920 5,638 781:.6 ‘18,298 957. 
Cte 7,686 17,161 7,899 116.6 9,816 4,995 | 36.2 | 95,299 | _47,120 149.6 122,276 > 
Oklahoma 8,791 11,197 65263 156.9 9200 2,216 91.0 16,479 8,665 204.0 31,576 J 
Oregon 3,288 809 433 16.2 1,141 677 46.8 14,112 8,541 202.9 16,062 569 
Pennsylvania 5,168 34,211 15,578 32.2 28,884 13,770 66.8 91,052 45,289 236.3 154,147 5-3 
Rhode Island 1,944 37277 1,638 31.9 161 80 9,831 4,912 22.2] ~~ 13,209 . 
South Carolina 2,881 11,504 6,310 307. , 2,313 1,162 120.7 16,613 8,415 318.7 30,430 T+! 
South Dakote 688 8,279 4,784 497.6] 4, 02h 2,250 227.8 8,316 4,901 | 420.4 20,619 4.8 | 
iaeiaias 4455 10,643 5,301 363.4 10,633 6,007 323.6 32,201 | 14,151 238.9 53,477 9 
Texas 11,800 607 3,509 125.7 12,785 6,746 385.9 59,893 33,306 820.9 79,285 zo 
Utah 492 3,026 2,314 47.1 2,513 1,870 50.0 | 13,268] 10,051 | 174.2 18,807 1.2 
Sinsane 614 4,081 2,160 41.8 418 286 1.6 | 9,083 4,522 ~ 62.4 13,562 5. 
Virginia 965 14,018 5,990 202.8 9,009 4,360 101.9 | 32,876 15,960 241.6 55,903 6. 
Weelingne 1,047 9,937 5,146 130.3 | _3,017 1,545 86.7 | 17,203 |_ _9,206 | 135.6 30,157 2.6 
West Virginia 3,872 8,400 4,227 4h .0 4,815 2,431 29.2 15,649 7,041 | 112.6 25 , 564 6.0 
Wisconsin 3,469 11,674 6,268 190.1 4, 383 2,341 119.4 36,792 18,677 415.3 52,849 4.6 
Wyoming 694 1,960 1,242 48.0 1,725 1,116 | 59.9 | 3636 5,696 167.6 12,321 +5 
Hawaii 1,027 3,248 1,590 7.8 161 81 6 11,667 5,62 18.5 15,076 7,296 20.9 
Seen Cites 738 7,788 3,654 6.0 4,653 2,131 22 10,094 4 7ho 3.5 22,535 10,527 167 
suas 3,693 10,385 4 761 51.2 1,429 700 6.7 14,755 7,045 47.9 26,569 _ 12,506 105.8 | 
TOTAL 235,155 647 ,033 333,751 |10,921.6| 200,896 151,234 | 5,249.9 ponent 720,203 |14,050.4| 2,364,407 1,205,188 |30,22:.9 
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